v," The extracellular matrix (ECM) is the naturally occurring substrate upon which cells migrate, proliferate, and differentiate. The ECM functions as a biological adhesive that maintains the normal cytoarchitecture of different tissues and defines the key spatial relationships among dissimilar cell types. A loss of coordination and an alteration in the interactions between mesenchymal cells and epithelial cells separated by an ECM are thought to be fundamental steps in the development and progression of cancer. Although a substantial body of knowledge has been accumulated concerning the role of the ECM in most other tissues, much less is known of the structure and function of the ECM in the nervous system. Recent experiments in mammalian systems have shown that an increased knowledge of the ECM in the nervous system can lead to a better understanding of complex neurobiological processes under developmental, normal, and pathological conditions. This review focuses on the structure and function of the ECM in the peripheral and central nervous systems and on the importance of ECM macromolecules in axonal regeneration, cerebral edema, and cerebral neoplasia. KEY WORDS 9 extracellular matrix 9 basement membrane 9 brain neoplasm 9 central nervous system 9 peripheral nervous system U NTIL recently, paradigms in embryology, histology, and pathology have been shaped by histopathological observations in multicellular organisms and by experiments in cell biology that sought to attribute specific cell and tissue functions to the interactions between similar and dissimilar cell types. Now, however, the interactions between cells and extracellular materials are also recognized as critically important events that influence embryonic development, normal growth and tissue function, and neoplasia. ~5"1 t6 Over the past two decades, there has been a great surge of interest in identifying the factors in the extracellular space that are in part responsible for governing normal cell and tissue development and that may play a role in the genesis or prevention of malignancies.
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Formerly referred to as "ground substance," the extracellular matrix (ECM) is found in the interstitial spaces of all organs and organ systems. In the 1960's, pioneers in the field of ECM research worked with relatively simple tissues, such as skin, trachea, breast, and prostate, to develop a general biochemical and structural model of the ECM. This valuable preliminary work sparked an interest among neurobiologists in defining the structure and function of the ECM in the central nervous system (CNS). In 1962, a symposium was held on the topic of the "ground substance" of the brain. 31,45,47A 13 Those who attended this conference were divided largely into two camps whose views were at once irreconcilable. The cell biologists, supported by data on the ECM in other organ systems, believed that an ECM did exist in the CNS and that it would prove important in understanding the embryogenesis and morphogenesis of the nervous system. The morphologists, however, not only rejected the proposition that an ECM existed in the CNS, they offered proof, based on a series of electron micrographs of CNS tissue, that the intrinsic neuronal and glial elements in the CNS were so tightly packed as to preclude any significant extracellular space. 47 With their compelling visual evidence, the morphologists won the day, and interest in defining the ECM in the nervous system was temporarily diffused and suspended.
It is now known that the apparent obliteration of the extracellular space of the brain was caused by an artifact in tissue fixation and imaging. 35 At the time of the symposium, the electron microscope had just been introduced as a potentially useful tool for ultrastructural analysis of tissues, and preparation methods and imaging techniques had not been perfected for all tissues, especially the brain. It took about a decade before this error in interpretation was discovered, and interest in the ECM of the nervous system was rekindled. It is intriguing to speculate at what stage our knowledge of the structure and function of the ECM of the nervous system would be if the cell biologists at the symposium had been motivated to keep pace with researchers studying the ECM in other organ systems.
This review will focus on what is known about the structure and function of the ECM in the CNS and in the peripheral nervous system (PNS). First, we summarize the biochemistry of the ECM in other organ systems, as most of our understanding of the ECM stems from work in these fields. There is reason to believe that many of the ECM components in other organ systems are also found in the CNS, 3'4'11,18'30'69 '74,75' 92.93.96 albeit in slightly different spatial arrangements. We then describe the localization of ECM macromolecules in the CNS and in the PNS in both developmental and normal states. Finally, we discuss the potential role of ECM macromolecules in neoplasia of the CNS, in regeneration in the CNS and PNS, and in cerebral edema. Wherever possible, the discussion is focused on data obtained in human systems. Where these data are lacking, reference will be made to results obtained in other mammalian nervous systems.
The Extracellular Matrix

Definition
The ECM may be defined as the naturally occurring extracellular substrate upon which cells migrate, proliferate, and differentiate in vivo. 4~ This structure funcDefinitions of Abbreviations* BM = basement membrane CNS = central nervous system ECM = extracellular matrix GAG = glycosaminoglycan PNS = peripheral nervous system TGF = transforming growth factor * See Glossary at end of article.
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tions as a biological adhesive that maintains the normal cytoarchitecture of different tissues and defines the key spatial relationships among dissimilar cell types. 85 The ECM may be composed of macromolecules that are loosely aggregated and organized, as in the dermis, cartilage, or adipose tissue; or it may be a well-defined structure composed of tightly packed, well-organized macromolecules, as in the basement membrane (BM). The BM separates epithelial cells and their connective tissue stroma ~j and is an important structural element of the ECM. TM The BM adds tensile strength and physically supports structures such as renal tubules, blood vessels, and lens capsules; provides a substrate for cell attachment; acts as a barrier against tumor cell invasion; 65 and allows for ultrafiltration of ionic extracellular solutions.
The biosynthesis and deposition of most components of the ECM appear to require the coordination and interaction of epithelial and mesenchymal cells. Once synthesized, ECM components under normal conditions have relatively long half-lives in tissues. In response to trauma, infections, or neoplasms, the ECM may undergo substantial modifications in structure and function. 43 '56 The ECM appears to be influenced by conditions in the microenvironment 43 and is thus a dynamic rather than a static collection of macromolecules.
Biochemical Composition
The relative insolubility of most of its components has made the ECM difficult to analyze. 41 '44"85 Recent progress in ECM research has resulted from improved protein extraction procedures and the subsequent purification and identification of specific components in the ECM and from data showing that complex biological events, such as cell adhesion and proliferation, can be explained by the combined action of specialized structural and functional domains of these molecules. In general, the ECM can be defined biochemically as the sum of its component parts, 45'85 which include the collagen types, the noncollagenous glycoproteins, the glycosaminoglycans (GAG's), and the proteoglycans. The list of macromolecules that have been purified from the ECM continues to grow; the best known and best characterized of the ECM components are discussed below.
Collagen Types. The collagens are glycoproteins but, because of certain unique structural properties, in this review they are considered as a separate group. At least 1 1 different collagens representing separate gene products have been reported; collagen types I to VII are presently the best characterized. ~6 Types I, II, and III collagen are the interstitial collagens. 56'59'1~ Type I collagen, the most common of all the collagens, is readily found in skin, bone, and connective tissue septae. Type II collagen is largely confined to cartilage. Type III collagen has been found in varying amounts in fibroblasts and myoblasts in blood vessels, skin, and the parenchyma of internal organs, such as the lungs and the intestines. Each collagen molecule consists of three polypeptide chains called "alpha chains, ''79 each with a molecular weight of about 95 kD, which form a triple-helical domain measuring roughly 300 x 1.5 nm. Each collagen type is characterized by alpha chains with specific amino acid sequences. Type I collagen is the only heteropolymer among the interstitial collagens and has two al(I) chains and one a2(I) chain. Although the amino acid sequences of the alpha chains differ from one collagen type to another, these molecules are all helical, contain glycine in every third position (except type IV collagen), and are enriched in hydroxyproline and hydroxylysine. The general formula for the collagens is GIy-X-Y, where Y is the frequently occurring hydroxyproline and occasionally is hydroxylysine. Glycosylation of certain lysyl residues occurs intracellularly.
The collagens are synthesized and secreted by the cell as larger, more soluble precursors called procollagens, which have nonhelical amino-and carboxy-terminal extensions. ~~ Specific procollagen proteases either on the cell surface or in the extracellular space cleave these extensions; the newly formed triple-helical collagens cross-link to form fibrils, which then interact with themselves or neighboring ECM macromolecules (Fig. 1) .
Type IV collagen is found exclusively in BM's. It has segments in its polypeptide chain that are not Gly-X-Y and contains more 3-OH proline and more hydroxylysine than other collagens. Type IV collagen also has more carbohydrate side chains and is probably incorporated into the BM as a procollagen. Specific endterminal processing may occur but is far more limited than for other collagen types.
Type V collagen was first isolated from placenta 8 and is localized outside the BM. The recently reported type VII collagen appears to play a role in the anchoring fibrils, which are specalized fibrous structures. 94 Noncollagenous Glycoproteins. Noncollagenousglycoproteins are relatively large compounds (molecular weight > I00 kD) that either bind directly to cells to mediate their effects or link cells to other ECM macromolecules. Examples of these proteins include laminin, fibronectin, entactin, and vitronectin.
Laminin, an 800-kD noncollagenous glycoprotein, is an important attachment factor to BM between epithelial cells and collagen types. 43"61"85,116 Rotary shadowing techniques have shown that laminin is a cross-shaped molecule with one long and three short arms (Fig. 2) . Laminin contains several domains that bind collagen, tumor cells, hepatocytes, and heparin.5'33'56'61 '114 Fibronectin, a large, highly asymmetrical glycoprotein, is thought to promote adhesion and spreading of cells by linking them to collagen substrates or plastic.49.115,1t6 Previously known as LETS, fibronectin exists in both plasma and cellular forms, which have a strikingly similar amino acid composition and differ noticeably only in their solubility and apparent molecular weights. The molecule is composed of two identical 220-kD subunits held together by disulfide bonds (Fig.  3) . The protein chain of each subunit forms an elongated structure 60 to 70 n m long and 2 to 3 nm thick that is subdivided into a series of small domains, each containing a tightly folded protein c h a i n . 49 Each domain is responsible for one of fibronectin's binding functions (that is, to collagen, to fibrin, or to the plasma membrane). Glycosaminoglycans. Formerly known as mucopolysaccharides, the G A G ' s are linear carbohydrate polymers of high molecular weight that contain alternating residues of a uronic acid and a hexosamine, usually linked at the reducing end to protein by two molecules of galactose and one of xylose (Fig. 4) . 51'~9 The hexosamine and uronic molecules are usually carboxylated or sulfated to provide the chains with a linear array of anionic groups. Except for hyaluronic acid, all GAG's in the native state are covalently bound to proteins forming larger complexes known as proteoglycans. Examples of the G A G ' s include dermatan, dermatan sulfate, chondroitin, chondroitin sulfate, keratan, keratan sulfate, heparan, and heparan sulfate. 
Extracellular Matrix Receptors
The mechanism by which E C M macromolecules exert their biological effects on cells is not known. The ECM may transmit its message to the cytoskeleton through a specific ECM receptor in the cell plasma membrane. A family of transmembrane glycoproteins made up of noncovalent heterodimers has recently been described. 48 These so-called integrin receptors consist of two subunits (a and ~) combined in a noncovalent complex, and interact with a wide variety of ligands, including ECM glycoproteins. For example, the integrin receptors recognize ligands bearing the tripeptide sequence Arg-Asp-Gly. 48 Ruoslahti and Pierschbacher 83, 87 demonstrated that the binding capacity of fibronectin to cells is determined by the presence of this tripeptide sequence on the cell-binding domain of fibronectin. Recently, the laminin receptor was identified and characterized as a 67-kD integral m e m b r a n e protein ~~ that has been localized immunohistochemically to a variety of normal and carcinomatous h u m a n t i s s u e s . 46' 105 Laminin binds to its receptor either through its short arms, as in hepatocyte binding, 33 or through its long arm, as in neuronal binding. Cell receptors are also thought to exist for m a n y of the collagen t y p e s . 48'49'116 Interestingly, inspection of the primary structure of type I collagen reveals that the sequence Arg-Asp-Gly occurs three times. A recent report has documented the direct attachment of cells to type IV collagen, 5 presumably through a cell-membrane receptor not yet identified. Goldberg 39 showed that a radiolabeled type I collagen bound directly to monolayers of fibroblasts. The G A G ' s also bind directly to the cell membrane with high affinity. 55 Heparan sulfate, a ubiquitous G A G in the microenvironment of cells, binds to receptors at the surface of rat hepatocytes. Binding of G A G ' s to cell-surface receptors may be one mechanism by which large proteoglycan aggregates are attached to and stabilize cellsJ t How complex biological events such as cellular proliferation, changes in cell shape, and cellular differentiation are mediated through the interaction between ECM macromolecules and their specific receptors is speculative. An E C M receptor was described in one report as a transmembrane protein that interacts with cytoplasmic filaments, such as actin, and that alters cell morphology. ~5 In another report, addition of fibronectin to transformed cells increased cell size and cell adhesion to substratum and resulted in a more orderly arrangement of filaments in the cytoskeleton.~ Answers may be forthcoming as more is learned of the importance and function of the integrin receptors.
Interactions of ECM Components
In addition to binding directly to specific cell-surface receptors, the E C M depends on multiple interactions between its components for stability and organization. Chief among these are the binding of laminin and fibronectin to type IV collagen in BM's. 5'33'43'6~'85 Laminin and fibronectin are found in the lamina lucida and are thought to link epithelial cells and type IV collagen (Fig. 5 ). Whereas fibronectin can bind to types I to V collagen, laminin binds preferentially to type IV collagen. T M Fibronectin has specific binding sites for the collagen types, proteoglycans, and for individual GAG, s.~ xs,~ 16 Proteoglycans interact with each other as well as with other components of the ECM and thus can form links between the cellular and acellular compartments. 5~ Heparan sulfate proteoglycan has a strong affinity for laminin and can also bind type IV collagen.S~. ~0 Charonis, et al., 2~ have shown by rotary shadow techniques that the end globular domains of laminin bind preferentially at two sites to the type IV collagen molecule; this interaction requires intact laminin. In another study, laminin was found to bind type IV collagen through its short arms, particularly through the end of the lateral short arm, whereas the end of the long arm binds heparan sulfate proteoglycan. 6~
Biosynthesis of the E C M
The cells that synthesize ECM macromolecules are of considerable interest to the cell biologist. It has traditionally been taught that the ECM components of the BM are synthesized by the adherent epithelial cell layer. There is good evidence that certain epithelial cells can synthesize laminin, type IV collagen, heparan sulfate proteoglycan, and other E C M components. 43 '85 The basal m e m b r a n e of epithelial cells must be in proper contact with the underlying basal lamina for the full expression of epithelial cell function and the retention of these cells in a nonmalignant state. 16 It is becoming clear, however, that the interactions between epithelial and mesenchymal ceils, either directly or through the elaboration of growth factors, are largely responsible for the production of the E C M and normal morphogenesis. 25'7~ The m e c h a n i s m of E C M assembly is poorly understood, and a description is beyond the scope of this text. Clearly, stromal cells and epithelial cells interact to produce a more favorable extracellular milieu for normal organ function. A loss of coordination and an alteration in the interactions between mesenchymal cells and epithelial cells across a BM are thought to be fundamental steps in the development and progression of cancer. 8~
The ECM in the Nervous System
In contrast to other organ systems, in which the structure and function of the E C M has been fairly well delineated, the identity and the role of the E C M in the nervous system have yet to be completely determined. Considerably m o r e is known of the structure and function of the ECM in the PNS than in the CNS. T h e E C M in the nervous system is important in embryogenesis, in maintaining normal structure and function, and in pathological processes of repair and neoplasia. 
Neuroembryogenesis
Although the histogenesis of all cell types within the developing mammalian brain is imperfectly understood, most studies have shown that the primitive neural tube has a ventricular zone consisting of relatively undifferentiated, pseudostratified, columnar epithelial cells. 22~23'62'99'1~176 With increasing gestational age and migration away from the ventricular zone, the primitive neuroepithelial precursor cells differentiate and acquire phenotypes that permit accurate characterization. In the developing CNS, however, little is known of the distribution and types of ECM macromolecules that separate the intrinsic neuronal and glial ceils.
The most important steps in the development of the nervous system can be summarized as the migration of cells and the extension of cellular processes to their appropriate locations; the acquisition of distinctive phenotypes by neurons and glia; and the formation of synapses between neurons and their targets. 32'95 These steps probably require a fundamental communication between developing cells and their extracellular environment. It has been proposed that ECM macromolecules are involved in orienting the radial glial fibers and in directing the migration of neuroblasts away from the primitive germinal matrix 6~ (Fig. 6) . In partial support of this concept, Liesi, et al. 63, 64 have shown that fetal rat astrocytes in culture produce fibronectin and laminin during embryogenesis but not later in development.
It seems plausible that in the CNS, as in the development of the PNS, hyaluronic acid may act to create a readily penetrable matrix through which neuronal migration and differentiation may take place. 68'~~ Delpech, et aL, 28 '29 have found hyaluronectin, a protein that binds hyaluronic acid, in an extracellular distribution in rat embryo brain. Another large ECM macromolecule, chondroitin sulfate proteoglycan, has also been identified in the developing rat brain. 4 We have shown that the large collagenous glycoproteins --types I, III, IV --and laminin in the developing human fetus at 16 to 21 weeks are largely confined to the leptomeninges, the cerebral vasculature, and the glial limitans externa. 9~
For neuroectodermal cells that are admixed with mesenchymal tissue in the regions dorsal and lateral to the neural tube, the extracellular milieu is strikingly different. This region is notable for the presence of undifferentiated neural crest cells. The neural crest is a transitory aggregate of cells that forms on the dorsal rim of the neural tube as the tube separates from the overlying ectoderm. 95 Neural crest cells migrate along defned pathways to target sites throughout the embryo and give rise to a variety of cell types, including autonomic and sensory neurons, leptomeningeal cells, Schwann cells, and melanocytes 95 (Fig. 7) . It is thought that through the specific distribution of ECM components, neural crest cells become associated with a particular tissue and differentiate. 14 Increasing evidence, mostly from transplant studies, has shown that the migration of neural crest cells to their final destination is guided by components of the ECM with which they come in contact. 14,42,81 The tissue through which the neural crest cells migrate is relatively acellular but abundant in ECM macromolecules. 42 ' 95 Just before migration, the cell-free space of the ventral pathway becomes rich in hyaluronic acid, a highly hydrated molecule that occupies a large domain relative to its mass and provides an attractive migratory environment. Hyaluronic acid exerts a swelling pressure that alters the size of intercellular spaces and separates cell and connective tissue layers, thereby opening avenues for cell migration. In the neural crest, high concentations of hyaluronic acid, high levels of hydration, and increased matrix volume are closely correlated with cell migration. 84A~ In the chick embryo, injection of hyaluronidase into the cell-free space causes the cellfree space to collapse; as a result, cell migration c e a s e s . 95'1~ Toward the end of migration, the concentration of hyaluronic acid decreases and the ratio of sulfated G A G ' s increases. This change in the G A G ratio may be involved in inhibiting migration and promoting terminal differentiation. Fibronectin also plays a key role in the migration of neural crest cells. 35'81 Fibronectin levels in the cell-free space increase before migration and decrease as migration ends. The fibronectin observed in the cell-free space is thought to be derived from primitive mesenchymal cells, as neural crest cells appear not to produce fibronectin. 95
Normal Adult Nervous System
Central Nervous System. The extracellular space of the normal adult CNS has not been completely characterized. The brain is largely free of a well-defined ECM except where mesodermally derived endothelial cells invade the CNS to establish the vasculature. 16 Whereas the p a r e n c h y m a of the CNS appears to be filled with a relatively a m o r p h o u s matrix that contains very little collagen and other fibrous proteins, 16A9' 98 a well-defined ECM exists in the form of a true BM around all cerebral blood vessels and at the glial limitans externa. 19 As a delimiting BM, the glial limitans externa invests the entire cortical surface of the brain and separates astrocytic foot processes from pia-arachnoid cells. Thus, it forms an interface between cellular CNS elements derived embryologically from neuroepitheliu m and leptomeningeal elements presumably derived from the neural crest. The glial limitans externa and the cerebral vascular BM have been well characterized and, like other tissues, contain types I, III, and IV collagen, fibronectin, laminin, and heparan sulfate pro-teoglycan. 72"96 '98 Which cells in vivo synthesize these components of the BM is a fundamental and unanswered question; however, in vitro studies have shown that both immature astrocytes and normal leptomeningeal cells can synthesize BM macromolecules. 63, 64, 91 Glycosaminoglycans are found in the normal CNS, but their nature and role have not yet been determined. 67"68' 1m Studies of ECM with ruthenium red have shown that GAG's are present in the extracellular space of normal human brain. 1~ Hyaluronic acid, dermatan sulfate, and chondroitin sulfate have all been found in human brain. It has been suggested that GAG's may be important in the myelination process. There is increased concentration of GAG's at the nodes of Ranvier. 3 There is some evidence that heparan sulfate may be important in the regulation of catecholamine biosynthesis by activating tyrosine hydroxylase. The exact nature of the association of GAG's with various membrane fractions from brain is still unclear. Experimental data have shown that normal glial cells in vitro attach to substrates by means of GAG's. 24 '38 In the adult CNS, hyaluronectin has been found at the nodes of Ranvier and around some cerebral and cerebellar neurons. 12,29 Hyaluronectin appears to exist predominantly in the white matter, although it may also be found in periventricular regions, in the glial limitans externa, and in the granular layer in the cerebellar cortex.12 It has been suggested that hyaluronectin is a product of white matter astrocytes.
Aquino, et aL, 3 have isolated a 6.5-Svedberg chondroitin sulfate proteoglycan from rat brain. This proteoglycan is unusual in that it has a higher protein content than most proteoglycans and does not appear to interact with hyaluronic acid. Using immunoelectron microscopy, these authors showed that in the adult rat nervous system an antibody raised against chondroitin sulfate proteoglycan is localized to neuronal cell bodies, axons, and astrocytes but not to oligodendrocytes, myelin, or mitochondria. Figure 8 illustrates the supramolecular structure and the interactions and distribution of ECM macromolecules in the adult CNS as proposed by us.
Peripheral Nervous System. The Schwann cell is instrumental in the genesis of ECM macromolecules and in the maintenance of normal neuronal function in the PNS. After the initial outgrowth of axons, Schwann cells migrate along the growing nerve fibers and proliferate in response to contact with a mitogen present in the nerve fiber axolemma. 2~ At some point during development, the Schwann cell ceases to proliferate and begins to ensheatb and myelinate the nearby nerve fibers. It has been suggested that this transition coincides temporally with the appearance of BM around individual Schwann cells. 2~ The Schwann cell thus positions itself between the peripheral axon and the connective tissue elements and deposits a basal lamina over its exterior aspect. 16 '95 The axon and Schwann cell are closely apposed without an intervening ECM. Each axon-Schwann cell unit is surrounded by a tubular cocoon of basal lamina, and thus the peripheral nerve trunk becomes filled with miniature tubes of ECM materials.~6 It is this unique arrangement of ECM materials that is thought to foster nerve regeneration.
Schwann cells produce several of the components of the external basal lamina surrounding the axonSchwann cell unit. 16.76 It is thought that contact between axon and Schwann cell regulates the deposition of this basal lamina. 16 When Schwann cell function is perturbed, this basal lamina fails to form, and nerve function is deranged. 16 In the PNS, therefore, the ECM is important for nerve fiber outgrowth, proliferation of Schwann cells, and myelination of nerves. The ECM might serve as a three-dimensional scaffolding that supports and polarizes the Schwann cell as it undergoes the complex morphological changes associated with ensheathment and myelin formation. Schwann cells in culture synthesize several components of the ECM, including type IV collagen, laminin, type V collagen, entactin, and heparan sulfate proteoglycan. 7J6
The neuromuscular junction is a unique region of the PNS. Little is known of the cellular mechanisms responsible for its elaboration. Regional chemical specialization during synaptogenesis results in a reorganization of plasma membrane proteins that are important for nerve transmission. This reorganization is dependent on inductive interactions between nerve and muscle
--
another example of an interaction between epithelial and mesenchymal cells. The synaptic cleft of the neuromuscular junction is filled with BM-like material containing type IV collagen 77 and heparan sulfate proteoglycan. 2 The heparan sulfate proteoglycan may be involved in nerve-muscle adhesion and in the regulation of molecular organization at the synapse. The dense junctional accumulation of this basal lamina proteoglycan might contribute to the anchoring of adjacent synaptic components into a localized, chemically specialized region of the cell. Heparan sulfate proteoglycan binds with high affinity to acetylcholinesterase, the enzyme that degrades acetylcholine into acetyl CoA and choline. Surprisingly, this binding occurs through a collagenous subunit of acetylcholinesterase. 2'77 Which cell or cells synthesize acetylcholinesterase is an intriguing yet unanswered question.
Regeneration in the Nervous System
It has been suggested that a properly synthesized and intact ECM is essential in guiding neuronal outgrowth and may be relevant to the process of regeneration in the nervous system. TM In the PNS, the linear organization of ECM tubes in the peripheral stump of a damaged nerve provides terrain well suited for axonal regrowth. 16 This is especially true when the nerve is crushed and the continuity of the tubular elements is not interrupted. Because of the paucity of similar ECM materials in the CNS, no such framework is available to assist in the process of axonal regrowth, 16 which may explain the failure of CNS tissue to regenerate. The glial limitans externa is a well-defined basal lamina similar in composition to basement membranes found, for example, between epithelial and mesenchymal elements in other organ systems. Astrocytes interact with neurons through certain cell-adhesion molecules (CAM) and also extend processes to the capillary basal lamina. Part of the extracellular space of the cerebral cortex is composed of proteoglycans and glycosaminoglycans. In the white matter, hyaluronic acid and hyaluronectin are found in highest concentrations around the nodes of Damaged peripheral nerves in vivo depend on a persistent BM to regenerate a distal severed stump. 19 One striking finding is that axons reinnervating skeletal muscle show a remarkable preference for their original synaptic sites. 95 This topographic specificity has been attributed to the ECM. Some growing axons may be guided to their targets by components of the ECM. 95 The postsynaptic cell itself need not be present for axons to recognize their appropriate target site, but the BM must be. 16 '95 After damage to nerve and muscle, axons and myofibers degenerate and are phagocytosed; but the Schwann cells that cap the nerve terminals and the basal lamina sheets of the myofibers survive ~7 and subsequently influence the regeneration of axons and muscle cells. Acetylcholine receptors re-form in part through the influences of the synaptic basal lamina and/or by Schwann cells.17 Axons might thus recognize molecules in the synaptic basal lamina, be guided by the Schwann cell BM, or be repelled by molecules in the extrasynaptic basal lamina.
Extracellular matrix of central and peripheral nervous systems
By synthesizing components of the ECM, the Schwann cell plays an essential role in providing conditions conducive for axonal regeneration after nerve injury. 16 Immunohistochemical studies have shown that laminin is present in the endoneurial and perineurial BM's of peripheral nerves. 33 The mechanism of neurite outgrowth is central to the discussion of the regenerative capacity of the PNS, and several in vitro studies have helped elucidate the components active in this process. 16, 60 The direction and rate of growth of neurites are dependent upon the presence of a suitably adhesive substrate and soluble growth-promoting factors. Lander, et al., 6~ have shown that heparan sulfate proteoglycan, acting as an adhesive substrate, plays an integral role in neurite outgrowth. Baron-Van Evercooren, et al., 7 demonstrated that laminin and fibronectin promote neurite growth in human fetal sensory ganglia cultures, with laminin being the more potent of the two. Edgar, et a/., 33 have shown that laminin stimulates neurite outgrowth and potentiates sympathetic neuronal survival in response to the neurotrophic nerve growth factor; the heparan-binding domain was responsible for the effects of the neurons.
The ECM in Cerebral Neoplasia
In the past 5 years, a wealth of information has been derived from immunohistochemical analyses of ECM macromolecules in human brain tumors. Alterations in the production and organization of the ECM appear to be frequent concomitants of the neoplastic transformation of neuroepithelial cells. 75 Epithelial cells undergoing neoplastic change first distort the normal epithelial architecture and then break through the BM to become invasive neoplasms5 6 The BM therefore plays a crucial role in some systems in distinguishing in situ versus invasive carcinoma. 7~ A loss of ECM components at the BM is associated with invasion. 9 Many epithelial tumors are often associated with striking alterations in the ECM, 8 but it is not known whether these changes are a reactive response to the tumor cells or whether they help to inhibit or facilitate tumor growth.11~ Occasionally, by mechanisms that are incompletely understood, host stromal cells may synthesize increased quantities of collagen and other ECM macromolecules in response to an adjacent invasive tumor. This process, called desmoplasia, is peculiar to some epithelial malignancies, such as breast and colon cancers, and certain neuroepithelial tumors, such as medulloblastoma and glioblastoma multiforme.
The relative contributions of tumor cells and different populations of normal cells to the desmoplastic reaction in vivo are not known; however, the influence of tumor cells on normal stromal cell proliferation and on ECM production has been measured in vitro. 6"51'54 '78 Merrilees and Finlay TM and Iozzo 51 showed that a variety of tumor cells release polypeptides that alter and stimulate synthesis of GAG's and proteoglycans in normal mesenchymal cells in culture. Keski-Oja, et al., 54 have described a 1 0-kD peptide released from a fibrosarcoma cell line in culture that caused the release of fibronectin from normal fibroblasts. One interpretation of these findings is that the tumor cells "trick" the normal mesenchymal cells into depositing large quantities of ECM proteins within the tumor matrix to facilitate tumor cell proliferation and invasion.
The cellular controls by which tumor cells modulate collagen synthesis are also poorly understood. Bano, et a[., 6 showed that rat mammary adenocarcinoma cells secrete factors with molecular weights of 6 and 68 kD that stimulate net collagen production. Roberts, et al., 86 demonstrated that mesenchymal cells treated with transforming growth factor-beta (TGF-/3) can be selectively stimulated to incorporate proline for the synthesis of collagen. In that study, TGF-/3 also induced local fibrosis and angiogenesis when injected subcutaneously into rats. In another study, TGF-/3 increased the production of fibronectin and collagen. 5~ Since TGF-/3 has been isolated and purified from a number of tumors,7~,107 it appears plausible that, through a paracrine phenomenon, TGF-B may be causally related to the desmoplastic response seen in several tumors.
Another mechanism by which the ECM may be implicated in the process of neoplasia is through the binding by the ECM of growth factors and subsequent presentation of these mitogenic growth factors to the surface of the target cell. 53"1~ Growth factors such as platelet-derived growth factor and fibroblast growth factor have been shown to adhere tenaciously to collagen-coated plates. 54 Thus, the ECM may serve to concentrate cellular and circulating growth factors.
Laminin has been immunolocalized to hyperplastic blood vessels and glomerular vascular formations in gliomas, 37,v2 to the cytoplasm of the sarcomatous elements of some gliosarcomas, and to the vasculature and fibrillary extracellular spaces of some menin-giomas. 72 '74 Immunostaining for laminin has shown that the glial limitans externa and the subendothelial basal laminae of blood vessels are almost always intact, even in the most anaplastic gliomas. 72~74 Recently, a laminin reaction product was identified in the cytoplasm of certain meningiomas. 93 The finding of laminin in the sarcomatous portion of gliosarcomas in vivo and in vitro 92 suggests that, regardless of their histological origin, sarcoma cells synthesize rather than phagocytose laminin, as was previously hypothesized. 97 In the CNS in both normal and pathological states, fibronectin has been immunolocalized to the gliomesenchymal junction in 1) ivo. 57 '72'82"93'96'98 Generally, fibronectin can be found in all layers of both normal and tumor-associated blood vessels, the glial limitans externa, the leptomeninges, and meningioma cells in whorl formations. Neurons, glia, and glial tumor cells are not positively identified by stains for fibronectin.
The interstitial collagens, types I and III, have been immunolocalized to the leptomeninges, the fibromuscular coats of large cerebral blood vessels, and the glial limitans externa? ~ Considerably less work has been done in the localization of the interstitial collagens in human brain tumors. In one recent study, a monoclonal antibody to procollagen III was used to show that interstitial collagen is deposited in blood vessel walls, in the leptomeninges, and in the sarcomatous element of a gliosarcoma. 93 Using an immunofluorescence analysis, Bellon, et al., ~~ localized type IV collagen to the subendothelial BM of blood vessels in gliomas and meningiomas. The antibody to type IV collagen produced a linear staining pattern in capillaries and large vessels. Type IV collagen and laminin were found in the same areas. Immunostaining for laminin showed that the glial limitans externa remains intact even in the most malignant of the gliomas 93 (Fig. 9) .
McComb and Bigner 75 immunolocalized a gliomamesenchymal ECM protein in a series of h u m a n brain tumors. The antibody used in this study recognizes a large (250,000 kD) tumor-associated glycoprotein secreted from cells as an oligomer of three to six molecules linked by a disulfide bond. This glioma-mesenchymal ECM protein is found in many tumors but is rare in normal adult tissues. Most of the reaction product appears to form around the new blood vessels of an incipient neoplasm. The limited expression of this antigen in normal tissues and its expression in gliomas make it a potentially important tumor marker and target for t u m o r localization and therapy. Additional ECM proteins that are relatively tumor-specific will undoubtedly be found and will be useful adjuvants in future immunotherapy trials.
The distribution of GAG's in human brain tumors has been less well studied. Engelhardt other large structural glycoproteins described above, which are generally excluded from the t u m o r parenchyma. A n u m b e r of in vitro studies have shown that h u m a n glioma cells produce G A G ' s . 38 The function of the G A G ' s in h u m a n brain tumors is poorly understood. Toole, et al., ~~ have shown that when a V2 carcinoma is injected into rabbits, a large a m o u n t of hyaluronic acid is synthesized at the injection site. The levels of hyaluronic acid are particularly high at the interface between the t u m o r mass and the neighboring host tissue. These authors postulate that hyaluronic acid exerts a local tissue swelling pressure that alters the size of the intercellular spaces. The resulting separation of normal cell and connective tissue layers provides an avenue for the migration and invasion of cells. While it is known that t u m o r cells synthesize hyaluronic acid, 5~ it is also possible that t u m o r cells induce the surrounding mesenchymal cells to synthesize hyaluronic acid.
T u m o r invasiveness is a function of the ability of malignant t u m o r cells to transgress normal tissue bartiers such as BM's. 36 '52 For example, at the point of transition between in situ and invasive carcinoma, local dissolution of the epithelial BM can be observed microscopically and coincides with t u m o r cell invasion of the underlying stroma. 36 T u m o r cells that metastasize hematogenously must cross the endothelial BM during entry into and egress from blood vessels. The success of malignant t u m o r cells in penetrating BM's, which are resilient mechanical barriers to invasion, depends in part on the ability of these cells to produce specific proteasesJ T M We have studied protease production in a number of human malignant gliomas 88 (G Apodaca, in preparation). Malignant gliomas exhibit a high degree of invasiveness which is manifested by characteristic migration of tumor cells into surrounding brain and by the local destruction and degeneration of neural tissues. 75 All malignant gliomas examined produced a specific 62-kD metalloprotease that could digest denatured collagen as detected by substrate gel analysis (Fig. 10) , These findings imply that, at least in vitro, glioma cells secrete proteases capable of degrading substrates such as type I collagen. Much more work needs to be clone to determine whether glioma invasiveness in vivo correlates with secretion of proteases by these tumors.
In one of our studies, we showed that ECM proteins synthesized by normal leptomeningeal cells in culture inhibited the proliferation of and induced differentiation in an anaplastic glioma cell line. 89 A partial analysis of the proteins responsible for the observed profound effect revealed that collagen types I and IV played major roles, whereas fibronectin and laminin did not affect the growth of the glioma cells.
The ECM in Cerebral Edema
Another possible role played by the ECM (and GAG's in particular) m a y relate to the genesis of cerebral edema. By definition, cerebral edema is a condition in which the volume of brain tissue expands as a result of an increase in water content. Peritumoral cerebral edema is often striking in patients with meningiomas, gliomas, and metastases. Recent evidence has shown that the major site of extravasation of this edema fluid is the hyperpermeable vasculature in the tumor, rather than the damaged vessels in the surrounding brain tissue. 26'a7'112 The histological substrate corresponding to breakdown of the blood-brain barrier in brain tumors appears to be related to changes in the intratumoral vasculature. In particular, the endothelial cells in brain tumors are primitive, have poorly formed cell:cell junctional complexes, and show membrane rupture. 66 On electron microscopy, the underlying subendothelial BM is often thickened and can be abnormally fragmented. Since glioma cells synthesize G A G ' s and proteoglycans, and since proteoglycans are polyanionic, which allows rapid diffusion of water-soluble molecules, these properties of G A G ' s may influence the m o v e m e n t of ions, un-ionized compounds, water, and large molecules through the extracellular space in the CNS, and could contribute to cerebral edema.
The formation of cerebral edema in pathological conditions such as stroke or trauma is also thought to relate to alterations in the permeability of the bloodbrain barrier. Focal cerebral ischemia in stroke and trauma may cause an alteration in the complex arrangement of ECM macromolecules at the capillary BM, thereby promoting free entry of water into the extracellular spaces of the CNS. In other organs, GAG's are important in maintaining an osmotic gradient in tissues. In the renal medulla, for example, GAG's appear to promote sodium and water resorption from the distal renal tubule. Antidiuretic hormone is important in the regulation of GAG deposition in the kidney. In Brattleborn rats, a strain of rat with hereditary hypothalamic diabetes insipidus, the medullary GAG's are nearly absent. 73"~~ The medullary interstitial matrix plays an important role in maintaining the osmotic gradient. Disruption of the renal medullary matrix occurs in various types of renal tubulointerstitial nephritis and causes the loss of urine concentration ability and increased interstitial edema. Future research on the alterations that occur in the BM of the cerebral blood vessels as a result of tumor, stroke, and trauma should increase our understanding of cerebral edema formation and may lead to improved therapy.
Conclusions
This report has described the current state of knowledge of the ECM in the nervous system. It is clear that we can no longer explain cell function without reference to the important role played by the cellular microenvironment in normal, reparative, and neoplastic states. Once the factors that contribute to the synthesis and deposition of the ECM between different cell types are better understood, efforts to manipulate the microcellular environment may prove useful in altering the course of important complex biological processes, such as axonal regeneration, and cerebral neoplasia.
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GLOSSARY
Basement membrane (BM):
An organized layer of extracellular matrix (ECM) macromolecules measuring 500 to 800 in thickness that intervenes between epithelium and connective tissue. In this review, BM is synonymous with the term "basal lamina."
Collagens: A family of highly characteristic ECM glycoproteins that constitute greater than 25% of mammalian total protein. The central feature of all collagen molecules is their stiff triple-stranded helical structure. At least 11 genetically distinct collagens have been reported.
Desmoplasia:
A process whereby host stromal cells synthesize excess quantities of collagen types and other ECM macromolecules in response to an adjacent invasive tumor.
Extraceltular matrix (ECM):
The naturally occurring substrate upon which cells migrate, proliferate, and differentiate. The ECM is a biological adhesive that maintains the normal cytoarchitecture of different tissues and defines the key spatial relationships among dissimilar cell types.
Fibronectin: A highly asymmetrical noncollagenous glycoprotein that promotes adhesion and spreading of ceils by linking them to collagen substrates.
Glial limitans externa:
A delimiting BM consisting of ECM macromolecules that invests the entire cortical surface of the brain and separates astrocytic foot processes from piaarachnoid cells.
Glycoproteins: Proteins that contain from 1% to 60% carbohydrate by weight. The carbohydrate usually takes the form of numerous, relatively short, branched oligosaccharide chains of variable composition, which often terminate with sialic acid. Examples of glycoproteins referred to in this review include the collagen types, laminin, and fibronectin. Other examples of glycoproteins include alpha-and gamma-globulins, transferrin, and amyloid.
Glycosaminoglycans (GAG's):
Long unbranched polysaccharide chains composed of repeating disaccharide units. Formerly known as mucopolysaccharides, these ECM macromolecules are now called GAG's because one of the two sugar residues in the repeating disaccharide is always an amino sugar. Hyaluronic acid, heparan, chondroitin sulfate, and keratin sulfate are examples of the common GAG's.
Laminin: A noncollagenous glycoprotein of the BM that plays an important role in the attachment of epithelial cells to collagen types.
Proteoglycans: Very large ECM macromolecules (up to millions of daltons) that usually contain 90% to 95% carbohydrate by weight in the form of many long unbranched GAG side chains attached to a core protein molecule. Proteoglycans are closely associated with cell growth and adhesiveness, receptor binding, and transformation.
Stroma:
The connective tissue framework including cell types such as fibroblasts and leptomeningeal cells that make up an organ or tumor. The stroma is distinguished from the parenchyma of the normal organ or tumor.
Type IV collagen:
The collagen type found exclusively in BM's.
